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Abstract: Third harmonic (TH) generation inside air plasma filaments provides a simple 
method to convert near-infrared laser pulses in the UV range. Here, we report on the 
optimization of the third harmonic generation during filamentation in the parameter space of 
focusing geometry, gas pressure, and incident laser pulse energy. It is observed that, in the 
nonlinear filamentation regime, the TH yield is largely dominated by the geometrical 
focusing condition and gas pressure. Using ambient air as medium for filamentation, an 
optimal numerical aperture (NA) = 0.07 was found for laser pulse with peak power close and 
above the critical power for self-focusing. For more loose focusing geometry (NA < 0.047), 
reduction of the air pressure can improve the conversion efficiency. In this case, the spatial 
mode of the third harmonic was also found to be more uniform than in ambient air. With 
scanning pinhole and crossing-filaments methods, it is revealed that in the situation of 
optimized focusing geometry (NA = 0.07) the TH accumulates constructively along the 
filament and exits at its end. In contrast, for the loose focusing geometry, the destructive 
interference effect of the TH generated at the leading and trailing edges of the filaments 
decreases the TH yield efficiency.  This study provides a practical guidance for efficient 
conversion of near-infrared femtosecond pulses to UV domain.  
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1. Introduction 
An intense laser pulse focused in air generates third harmonic (TH), providing a very simple 
method for the generation of optical pulses in the ultraviolet range that has been studied since 
the early days of nonlinear optics [1-4]. With laser peak power higher than the critical power 
for self-focusing Pcr (~ 5 GW in air), filamentation occurs mainly as a result of the 
competition of Kerr self-focusing effect and plasma defocusing [5, 6]. In this situation, third 
harmonic can be generated tens of meters away from the laser system [7], providing an 
alternative wavelength for remote sensing application based on a single femtosecond laser 
system. At first sight, third harmonic generation with focused laser pulses in air seems to be 
simple and well documented [1-4, 8]. However, in the filamentation propagation regime, 
several open questions still remain concerning this fundamental process. 
First of all, the generation mechanism for the efficient third harmonic from air with 
focused laser pulses is still not completely clear. It is well known that in the perturbative 
limit, no net third harmonic is expected to be produced when a laser pulse is focused in an 
extended media with normal dispersion such as air, even in the case of perfect phase-
matching [8]. This is due to destructive interferences in the far field between the third 
harmonics yielded before and after the geometrical focus due to the Gouy phase shift [2, 8]. 
To overcome this difficulty, several techniques have been employed, which include a gas cell 
placed before or after the focus [9], a narrow gas jet [10], a non-uniform gaseous medium 
[11], or employment of wave-guides [12]. With high power laser pulses focused in gases, 
significant TH signal has been observed during optical ionization of gaseous media with a 
conversion efficiency as high as 0.12 % [13-17], even 0.5% in the case of two-color 
filamentation [18]. In the filamentation regime, it was suggested that the nonlinear Kerr effect 
and the reduction of air refractive index due to the plasma may lead to improved phase-
matching or even phase-locking between the fundamental and third harmonic, resulting in 
efficient TH generation [15, 19, 20]. 
From the point view of its applications for UV pulse generation, optimal experimental 
conditions for high conversion efficiency are desired. H. Yang and co-workers observed an 
optimized focal length of 400 mm for an incident femtosecond laser pulse of 28 mJ [15]. 
Unfortunately, in this work the laser beam diameter is not mentioned and hence the focusing 
geometry is unknown. A. Ionin et al. performed systematic measurement concerning the role 
of focusing conditions on TH generation [21]. They reported that the TH yield increases 
monotonously with the increase of numerical aperture ranging from 0.004 to 0.06, without 
indication as to optimum focusing geometry. 
Compared to one single free propagating filament, perturbation of the filament by another 
control pulses or objects such as waterdrop or glass wedge was found to be able to enhance 
the TH [22-27]. One intensively studied technique is to use a second femtosecond pulse to 
intercept the TH generating filament, which leads to a significant enhancement factor ranging 
from 20 to 700 compared to the case of single pulse filamentation [23, 24].  Other forms of 
perturbations, including insertion of water droplet or copper fiber in the filament [26], 
termination of the filament with fused silica wedge or gas pressure gradient [26], also result in 
TH enhancement. Concerning the underlying mechanism for these above TH enhancements, 
different mechanisms have been proposed, such as enhanced third order nonlinear 
susceptiility χ(3) or extension of the filament length [22, 23]. Later, it was suggested that the 
enhancement arises from the suppression of the destructive interference of the TH generated 
before and after the focus, preventing the backflow of the TH energy to the fundamental pulse 
[25, 27]. In all these experiments, the “enhancement” was defined as the TH yield compared 
to that obtained with free-propagating filaments and the factor of “enhancement” also 
depended on the geometrical focusing condition [27].  However, to the best of our 
knowledge, the absolute energy of the “enhanced” third harmonic was not measured and the 
improved efficiency of energy conversion is largely unknown. At the same time, it is not clear 
whether this “enhancement” exists for any focusing conditions. 
In this work, we investigated the third harmonic generation in the parameter space of 
focusing geometry, gas pressure, as well as incident pulse energy, aiming to identify the 
optimum conditions for TH generation. The existence of an optimal focusing geometry (NA = 
0.07) for a wide range of incident laser power (0.75 Pcr ~ 13 Pcr) was first observed. 
Furthermore, for different focusing geometries, varying the air pressure leads to distinct 
behaviors of the TH, pointing out a joint contribution of focusing geometry and gas 
dispersion for determining the TH conversion efficiency. For the optimal focusing condition, 
it was found that the TH generated along the filament accumulates and exits at its end without 
significant energy backflow to the fundamental pulse. This behavior was confirmed by 
crossed filaments experiment under different focusing geometries, where NO TH 
“enhancement” could be observed for the optimal focusing condition. 
2. Experimental setup 
In our experiments, a femtosecond laser system based on chirped pulse amplification was 
employed. It delivers 800 nm, 45 fs pulses with maximum pulse energy of 15 mJ at a 
repetition rate of 100 Hz.  At the exit of the laser, the laser beam exhibits a waist (1/e
2
) of 14 
mm. The laser pulses are focused by convex lenses with different focal lengths into a 55 cm 
long gas chamber, through a 2 mm thick fused silica window. The fundamental pulse and the 
generated TH exit the gas chamber through a second fused silica window. To measure the TH 
pulse energy, the TH pulse centered at 266 nm is first separated from the fundamental 800 nm 
pulse by a fused silica prism. Then, the TH radiation is focused by an Al coated parabolic 
mirror (f = 60 mm) and detected by a calibrated photodiode or a powermeter (Gentec, XLP12-
3S-H2-D0) which is capable of measuring laser power at 266 nm as low as 5 W.  To capture 
the spatial profile of the TH radiation, we insert 2 pieces of short-wave pass glass filters 
(UG11) into the beam after the exiting windows to filter out the white-light generated after 
filament while leaving the TH pass through. The TH radiation is then projected on a white 
paper screen. The fluorescence image of the TH radiation is taken with a CCD camera, which 
reflects the spatial profile of the TH radiation [27]. 
3. Experimental results and discussion 
We first measured the TH energy generated with different focal lengths for laser pulses with 
energy ranging from 0.15 mJ to 2.6 mJ, corresponding to the laser power from 0.75 Pcr to 13 
Pcr. Convex lenses with focal lengths between 100 mm and 1000 mm were employed in our 
study, which correspond to numerical apertures of 0.14 - 0.014. The experimental results are 
presented in Fig. 1. It is seen that the most energetic TH radiation is generated with lenses of f 
= 200 for nearly all the pulse energies, with the numerical aperture of 0.07. For higher 
incident energy above 1.95 mJ, focusing of f = 300 mm produces slightly more TH. This 
observation confirms the existence of an optimal focusing geometry condition reported by 
Yang et al. [15]. We noticed that the conversion efficiency from 800 nm to 266 nm stays 
rather constant for different incident pulse energies. For the optimal focusing geometry of f = 
200 mm, the conversion efficiency is around 0.1%.  
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Fig. 1. Third harmonic yield as a function of focusing length for different incident pulse 
energies. The diameter of the incident pulse is 14 mm. 
We noticed that the external focusing geometry has a strong effect on plasma density and 
can lead to change from linear to nonlinear focusing regime during filamentation in air [28, 
29]. To get insight into the existence of the optimal focusing condition, we examined the TH 
development along the plasma filament with a scanning pinhole method [19, 27]. We first 
fabricated a filament-induced pinhole on a 250 m thick aluminum foil by inserting it around 
the middle of an intense filament. The diameter of the pinhole was found to be about 110 m. 
This pinhole blocks the energy reservoir of filament and thus prevents the further formation 
of filament after it [19, 27].  At the same time, the TH generated before the pinhole largely 
passes through since it is mostly generated inside the intense filament core. In the 
experiments, we scan the position of the pinhole along the filament and monitor the TH yield. 
In Fig. 2, the results for focal lens of f = 200 mm and 1000 mm are presented. The 
incident pulses energy was 1.12 mJ in this experiment. The red arrows in the two panels 
indicate the TH yield from free propagating filaments without the pinhole. In the case of the 
optimal focusing f = 200 mm, the luminous plasma channel is observed to be about 4 mm 
long (located from z = -3 mm to 1 mm) by capturing the image of the plasma fluorescence 
with a CCD camera [27]. It is found that the TH increases monotonously along the filament 
from z = -4 mm to z = 1 mm. The slight decrease of the TH signal after z = 1 mm can be due 
to the partial blockage of the divergent TH pulse by the 110 m pinhole. The maximum TH 
signal observed around the end of the filament is close to that without the pinhole. Therefore, 
it is obvious that the TH accumulates along the filament and exits from the end of filament 
without significant backflow of its energy to the fundamental pulse. 
        
Fig. 2. The third harmonic signal pass through a 110 m pinhole scanned along the 
filament. (a) f =  200 mm. (b) f = 1000 mm. The origin (z = 0 mm) is defined as the 
geometrical focus in each cases.  
For f = 1000 mm, the plasma filament is observed about 14 mm (located from z = -11 mm 
to 2 mm). In this case, the development of TH along the filament is different from the above 
case. The TH energy first exhibits an increase from z = -15 mm to z = -4 mm, with its 
maximum value ~ 2.7 times higher than that from a free propagating filaments without the 
pinhole. For pinhole positioned in the downstream of the filament, a substantial decrease 
starting from z = -4 mm is observed. These observations suggest that in the loose focusing 
condition of f = 1000 mm the TH is first generated and then gives back its energy to the 
fundamental pulse [27]. Previous numerical simulation revealed that in the loose focusing 
conditions the TH energy can oscillate along the long filament, due to the joint action of 
Gouy phase shift and pressure-dependent wave-vector mismatching [27]. We therefore study 
the role of air pressure for different focusing conditions. 
In Fig. 3, we present the TH yield as a function of air pressure for four different focal 
lenses. In each case, two incident laser energies are studied. The small irregularity of the TH 
signal around 250-300 mbar is due to a transition regime between two vacuum gauges used in 
the experiments. For two different incident pulse energies, similar dependence is observed for 
the four different focusing conditions. 
For the optimal focusing f = 200 mm, reduction of the air pressure results in monotonous 
decrease of the TH radiation. In contrast, for looser focusing (f = 500, 750, and 1000 mm) a 
substantial improvement of the TH energy is observed for lower pressures. The optimal 
pressure decreases systemically with the increase of focal length. In particular, for f = 1000 
mm the maximum TH energy obtained around air pressure p = 200 mbar can be ~7 times 
higher than that in atmospheric air. For this case of low gas pressure, the pulse propagation 
can be no longer in the filamentation regime, since the laser peak power now becomes less 
than the pressure-dependent critical power for self-focusing. During this experiment, we also 
noticed that the spatial profile of the TH emission can be improved for lower gas pressure. 
The profile 
 
Fig. 3. Third harmonic signal as a function of air pressure for different focal lengths. From (a) 
to (d), the focal lengths are 200 mm, 500 mm, 750 mm, and 1000 mm respectively. All the 
data are normalized to the signal obtained with 0.7 mJ incident pulse energy in the case of f = 
200mm and 1 bar air. 
of the TH emission in the case of f = 1000 mm are shown in Fig. 4. For higher air pressures (p 
≥ 300mbar), a conical emission with minimum on-axis radiation intensity was observed, 
which has been widely reported in the filamentation regime [20]. For lower pressures of less 
than 200 mbar, a much more uniform TH beam profile was observed (Fig. 4 (a)-(c)), which 
can be beneficial for application. 
 
Fig. 4. Far field profile of the third harmonic radiation for different air pressures. The focal 
length is 1000 mm and the paper screen is 75 cm away from the geometrical focus. The 
incident pulse energy is 1.2 mJ. From (a) to (h), the pressures are 30, 70, 200, 300, 350, 430, 
600, 1000 mbar, respectively. 
Finally, we applied the crossing filaments method to examine if we can further improve 
the TH conversion efficiency. In this experiment, the setup was similar to our previous work 
[27]. The focal lens for the control beam was 500 mm and the crossing angle between the 
control beam and the main filamentation beam was about 40º. In Fig. 5, we present the 
results for two focusing geometries of f = 1000 and 200 mm. For the loose focusing of f = 
1000 mm, a significant enhancement in the spectral domain can be observed with a fiber 
coupled spectrometer. In this case, the plasma filament of the control pulse provides a 
refractive index perturbation to the main filamentary pulse and prevents partially the 
destructive interference effect due to the Gouy phase [27]. In contrast, the situation for the 
optimal focusing condition f = 200 mm is different. In this case, no enhancement of the third 
harmonic energy was observed. This is now understandable since nearly all the TH generated 
along the filament already exits from the end of filamentary plasma, and hence the plasma 
perturbation induced by the control filament cannot provide further enhancement. 
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Fig. 5. Effect of crossing filament on the TH generation. The focal lens for (a) and (b) are 1000 
mm and 200 mm respectively. The focal length for the control pulse was 500 mm and the 
control pulse energy was 380 J, similar to that in ref [24]. 
4. Conclusion  
We have measured the third harmonics yield from air plasma filaments pumped by 
femtosecond laser pulses as a function of focusing geometry, air pressure, and incident laser 
pulse energy. For laser peak powers of 0.75 to 13 Pcr, an optimal focusing condition of NA = 
0.07 was confirmed. With the scanning pinhole method, it was revealed that in the case of 
optimal focusing, the third harmonic accumulates constructively along the filaments before 
exiting from the end of filaments, which was also confirmed by the crossing-filaments 
method. For loose focusing geometry, decreasing the air pressure gives rise to improvement 
of both radiation energy and beam profile simultaneously. 
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